The solution conformations of the intramolecular triple helices d(AGAAGA-X-TCTTCT-X-TC + TTC + T) and d(AAG-GAA-X-TTCCTT-X-TTC + C + TT) (X = non-nucleotide linker) have been determined by NMR. 1 H NMR spectra in H 2 O showed that the third strand cytosine residues are fully paired with the guanine residues, each using two Hoogsteen hydrogen bonds. Determination of the 13 C chemical shifts of the cytosine C6 and C5 and their one-bond coupling constants ( 1 J CH ) conclusively showed that the Hoogsteen cytosine residues are protonated at N3. The global conformations of the two molecules determined with >19 restraints per residue are very similar (RMSD = 0.96 Å). However, some differences in local conformation and dynamics were observed for the central two base triplets of the two molecules. The C N3H were less labile in adjacent CG·C + triplets than in non-adjacent ones, indicating that the adjacent charge does not kinetically destabilize these triplets. The sugar conformations of the two adjacent cytosine residues were different and the 5′-residue was atypical of protonated cytosine. Hence, there are subtle effects of the interaction between two adjacent cytosine residues. The central two purines in each sequence showed non-standard backbone conformations, averaging between γ ≈ 60_ and γ ≈ 180_. This may be related to the difference in the dependence of the thermodynamic stability on pH observed for these two sequences.
INTRODUCTION
The thermodynamic stability of parallel DNA triple helices depends on the content of CG·C + triplets, pH and ionic strength (1) (2) (3) . For triplexes that consist entirely of TA·T triplets, the stability is independent of pH in the range 5-9 (3), but it is greatly enhanced by increasing ionic strength (4) and especially by divalent metal ions such as magnesium (5) . This is presumably by electrostatic interaction with the negative charge on the phosphate groups. However, as the content of CG·C triplets in the molecule is increased, the thermodynamic stability becomes increasingly pH dependent and below pH ∼6, it becomes much higher than that of an all TA·T triplex of the same length (3, 6) . The net stability at low pH increases in proportion to the number of GC·C + triplets. In these cases, the triplexes are destabilized by increasing ionic strength (2) , presumably because at low ionic strength the positive charge on the cytosines in the Hoogsteen strand is effective in neutralizing the backbone charge.
It has been reported that introducing several contiguous CG·C + triplets is destabilizing (7) , perhaps because charge repulsion between adjacent cytosines has an adverse effect on base stacking. However, we have recently shown that the thermodynamic stability of intramolecular triple helices containing two adjacent cytosine residues is very similar to ones where the cytosines are separated by one or more TA·T triplets. Furthermore, the CN3H protons were observable by NMR, showing that both cytosines were protonated in the adjacent case (3) . This result is perhaps surprising, so we have looked for a structural explanation. We report here the solution structures of two triplexes, d(AGAAGA-X-TCTTCT-X-TC + TTC + T) and d(AAGGAA-X-TTCCTT-X-TTC + C + TT), where X is the di-octylphosphate linker (8) .
MATERIALS AND METHODS

Materials
Intramolecular triplexes and duplexes were synthesized using the di-octylphosphate linker (X) as previously described (8) : d(AGAAGA-X-TCTTCT-X-TC + TTC + T) (AGAAGA) and d(AAGGAA-X-TTCCTT-X-TTC + C + TT) (AAGGAA); underlining denotes the Watson-Crick pairs in the triplexes.
Methods
Purified samples were dissolved in 0.1 M KCl, 10 mM sodium phosphate, pH 5.0, containing 0.1 mM 2,2′-(dimethyl)silapentane-5-sulphonate for NMR analysis.
1 H spectra were recorded at 11.75 and 14.1 T on Varian UnityPlus and Varian Unity spectrometers respectively. Spectra in 1 H 2 O were recorded using the gradient echo Watergate read pulse (9) at 2_C. NOESY spectra were recorded in both 1 mode spectra were obtained using the hypercomplex method (10). 13 C-1 H HSQC (11) NMR spectra were recorded at 14.1 T with and without 13 C decoupling to provide both the 13 C assignments from the known 1 H assignments and the one-bond C-H coupling constants in the bases.
All data were transferred to a Silicon Graphics Indigo 2 and processed using Felix v.95.0 (MSI, San Diego, CA). The free induction decays were apodized with a shifted sine squared function in t 2 and t 1 and zero filled in both dimensions to give a final 8192 × 1024 real data matrix.
Sugar puckers were analysed using sums of coupling constants (Σ 1′ , Σ 2′ and Σ 2′′ ) derived from DQF-COSY, NOESY and in some cases from 1D spectra. The scalar coupling information was supplemented where possible with the H1′-H4′ distance determined from NOESY build-up rates and the data were analysed with the program pfit as previously described (12) . Standard deviations for the coupling data were typically 0.5 Hz for Σ 1′ and 1 Hz for Σ 2′ and Σ 2′′ . In some instances, an estimate of Σ 3′ was obtained, which was used only qualitatively to define possible ranges of sugar conformation. Sugar conformations were systematically searched with P values from 0 to 200_, pucker amplitudes from 30 to 42_ and fraction of the S state from 0.4 to 1 in steps of 4_, 3_ and 0.02 respectively. Those residues for which Σ 1′ > 14.5 Hz and r(H1′-H4′) > 2.8 Å were loosely constrained during the refinement to the S range (110_ < P < 180_).
Further information about the nucleotide conformations was obtained from measurements of Σ 4′ , which were used to derive a constraint for the torsion angle γ (12) (13) (14) . In addition, some experimental information about the backbone angle ε was obtained from the H3′ linewidths. If the ε(t) rotamer is significantly populated, a large 3 J HP (>20 Hz) makes Σ 3′ >>20 Hz (14) . In all cases Σ 3′ were in the 12-18 range, which rules out this possibility. These data were not used as direct constraints in the structure refinement, but as a check on the final structures.
Cross-peak volumes in the NOESY spectra were measured using Felix by integrating the footprint. Where there was significant spectral overlap, most notably in the homopyrimidine strands, the Gaussian line-fitting function was used on cross-sections through each cross-peak in both F1 and F2. The volume was taken as proportional to the product of the peak areas divided by the average of the two peak heights. This procedure was verified for resolved peaks. These volumes were then normalized to the average cross-peak volume of the cytosine H6-H5 pairs at each mixing time.
Interproton distances were derived using MARDIGRAS (15) with NOESY spectra recorded with mixing times from 50 to 300 ms. Starting models for the MARDIGRAS calculations were the A-form and B-form of both molecules. The A-form was built from an A-DNA triplex model based on fibre diffraction studies, using the Biopolymer module within InsightII (MSI, San Diego, CA). The B-form was built from the A-form using restrained molecular dynamic simulations in which all dihedral angles in the duplex part were constrained to their standard values in B-DNA. All models comprised three separate strands; the linkers, which showed few unambiguous NOEs, were not included in the calculations. Standard distance constraints for the hydrogen bonds (both Watson-Crick and Hoogsteen) were used. The glycosidic torsion angles in the third strand were constrained within the anti range of -70 to -140_.
In order to determine the interproton distance bounds for the restrained molecular dynamics refinement, the RANMARDI modification of MARDIGRAS was used (16) . Thirty different intensity sets were derived from each experimental data set and MARDIGRAS calculations were performed on all of them. This procedure includes the effects of experimental noise in the relaxation matrix calculations. A noise level of one fifth the integrated intensity of the smallest cross-peak was used. The dynamic range of observed cross-peak intensities was 750.
The procedure was repeated using two different correlation times (2 and 3 ns) and two starting models (B-form and A-form) for both molecules. For every single RANMARDI calculation, the upper and lower bound for any particular distance is determined as the average value ± SD. The bounds files from all mixing times, starting models and correlation times were combined in a single file from which the final restraint file was generated. Upper bounds comprised the mean of all individual upper bounds plus the SD. Lower bounds were the mean of all individual lower bounds minus the SD. These constitute the quantitative distance restraints.
Those NOEs that could not be measured due to extreme overlap were classified by visual inspection as strong (2-2.6 Å), medium (2-3.5 Å) or weak (3-5 Å) using a short mixing time NOESY and used to create qualitative constraints. Qualitative constraints were classified in a similar way for NOEs involving exchangeable protons. Those proton pairs whose NOEs were absent in the 300 ms NOESY spectrum were constrained with a lower bound of 4.5 Å (or 5 Å when a methyl group was involved).
The distance and angle restraints obtained in this way were incorporated into a restrained molecular dynamics procedure using Discover 95.0 (Molecular Simulations Inc., San Diego, CA) with the Amber force field. The scaling factor for non-bonded interactions was 0.5. All calculations were made with no charges and a cut-off for the non-bonded interactions of 12 Å. No backbone constraints based on 31 P chemical shifts were used. The geometry of the base triplets was restrained with standard hydrogen bond distances. In addition, planarity restraints with a very low weight factor of 2 kcal/mol/rad 2 were applied to each triplet at all refinement steps. This favours overall planarity of the triplets if no specific distance restraints cause out-of-plane tilting of particular bases. The NOE and dihedral restraint functions used were standard square-well effective potentials.
The starting structures were first subjected to 3000 steps of restrained energy minimization. Then initial velocities were assigned with a Maxwell distribution at 800 K. After an equilibration period of 1 ps, the temperature was maintained constant for another 4 ps. In this initial stage the force constant for the hydrogen bond constraints was 25 kcal/mol/Å 2 , 2 kcal/mol/Å 2 for the NOE constraints and 80 kcal/mol/rad 2 for the dihedral constraints. The system was then slowly cooled to 200 K for 19 ps. During the cooling phase the NOE constraint force constant was gradually increased to a final value of 50 kcal/mol/Å 2 . The structures were then subjected to a final 3000 steps of energy minimization.
Trial runs were performed to refine the restraints. The co-ordinates of two restrained structures obtained from the A-form and from the B-form were taken as input data for the program CORMA (17) . The back-calculated two-dimensional NOEs were compared with the experimental NOEs to determine how well the model structure fits the experimental data. A deviation of a factor of 2.0 between the calculated cross-peaks and the experimental values was taken as a violation. In order to minimize these differences, the distances corresponding to the violations were progressively adjusted. Since the violations in most cases were due to the use of restraints which were too loose, the adjustment required only tightening of the initial bounds. A final ensemble of 10 structures (five starting from A-form and five starting from B-form) was calculated for AAGGAA and AGAAGA using the refined constraint set.
All backbone torsion angles, sugar conformations and helical parameters were calculated with CURVES 5.1 (18) . Figure 1 shows the low field region of the NOESY spectrum in H 2 O of the two triple helices, showing interactions between the imino protons and the amino protons within a base triplet, NH and C2H in Watson-Crick A·T base pairs and NH of the third strand to the H8 of the purines. These latter NOEs are typical of the parallel orientation and Hoogsteen pairing of the third strand to the purine strand (8, 19) . The assignment of the imino and amino protons was straightforward and they are given in Table 1 .
RESULTS
At pH 5, the N3H + signal of the two Hoogsteen cytosine residues integrate to one proton each, showing that both cytosines are fully protonated (3) . The N3H resonances are narrow in AAGGAA, but one is broader in AGAAGA. In DNA triplexes, exchange of the CN3H is determined mainly by a conformation fluctuation that allows chemical exchange to occur (20) . The degree of magnetization transfer from the imino proton to water can be measured in NOESY and ROESY experiments and this provides an estimate of the exchange rate constant. The degree of exchange in AAGGAA at 10_C in 100 ms was ∼50%, indicating an exchange rate constant of >5/s. The values in AGAAGA were larger, especially for C17. Because the degree of magnetization transfer in the related molecule AGAGAA was comparable with that in AGAAGA (data not shown), position alone is not the deciding factor in the exchange process. This indicates that the AAGGAA triplex is kinetically more stable than the AGAAGA triplex. The influence of exchange can also be seen in Figure 1 . The NOE between the N3H and the H8 of the purine residues appears much more intense in AAGGAA than in AGAAGA, because of the exchange broadening of C17, which is also apparent for the amino protons of C17 in AGAAGA (3).
In principle, it is possible that the protonated cytosine can exist in different tautomeric states and in a CG·C triplet, the proton could be either on the N3 of C or the N7 of G, the location being largely determined by the difference in the pK values in the triplex state (21) . Thus, although the pK of free cytosine is ∼4.5, it is >9 in these triplexes (3) as a consequence of the change in environment and the formation of a hydrogen bond to the N7 of G. However, the N7 of G has a pK of ∼2.5 in the free nucleoside (22) , so if that were perturbed in the triplex, it might become similar to that of the cytosine, in which case the proton would be shared between the C N3 and the G N7 and the charge further delocalized (Fig. 2) . This arrangement might be more important for adjacent CG·C + triplets. The 1 H spectra show that the Hoogsteen cytosine residues are in an amino form (both hydrogen atoms are present on N4). The exact location of the additional proton and delocalization of the positive charge, however, is less certain, because the NOEs to neighbouring protons would be similar whether the proton is bonded to either the N3 of C or to the N7 of G. We have used 13 C NMR to obtain more information about the location of the proton, as both the chemical shift and the one-bond coupling constants are affected by charge density in the ring. Figure 3 shows a 13 C-1 H coupled HSQC spectrum, from which the values of 1 J CH can be determined with a precision of better than ±0.5 Hz. The chemical shifts and coupling constants of the base protons are given in Table 2 . The Hoogsteen cytosine H6, H5 and C6 are shifted downfield and the C6 is shifted upfield compared with Watson-Crick cytosines. This is a consequence both of the ring currents and changes in the local electron density in the ring due to protonation. Changes in electron density can also be expected to change 1 J CH , which is observed for the cytosine C5 (difference between Hoogsteen and Watson-Crick = 6.5 Hz) and C6 (∆J = 4 Hz). The Watson-Crick cytosines also have coupling constants similar to those observed in RNA duplexes (23) and DNA duplexes (A.N.Lane, unpublished data). Comparison with the coupling constants measured for 5′-CMP and 5′-GMP at neutral (24) and low pH, moreover, indicates that these differences are mainly due to the positive charge on the cytosine ring ( Table 2) . We conclude, therefore, that both cytosines are fully protonated at N3 in AAGGAA at pH 5. As the pH is raised, the thermodynamic stability decreases, yet both cytosines retain the same degree of protonation (3). This indicates that such short triplexes are not stable unless both cytosines are protonated; significant deprotonation of the Hoogsteen cytosines only occurs above pH 9 (3). Figure 4 shows regions of NOESY and DQF-COSY spectra of AGAAGA in D 2 O. The NOESY spectrum demonstrates the good resolution obtainable with these short intramolecular triplexes. The sequential NOE connectivities in the Watson-Crick strands are shown, giving the assignments of the non-exchangeable protons ( Table 1) . The cross-strand H8(R) to H1′(i+1) (YH), which are characteristic of parallel triplexes (19) , are also shown boxed. The DQF-COSY cross-peaks (Fig. 4B) H1′-H2′′ and H1′-H2′ provide information about the sugar conformations.
Thus, for the purines, the H1′-H2′ cross-peak shows a + + --fine structure, whereas the H1′-H2′′ cross-peak shows a + -+ -fine structure. This is characteristic of a sugar conformation in the S domain with P values between ∼120 and 160_. In contrast, although it appears that all sugars show both cross-peaks to H1′ (ruling out a pure N conformation), some of the pyrimidines show much less fine structure (i.e. a simple + -pattern) and nearly equal intensity for the two cross-peaks. This is characteristic either of a sugar conformation with P in the range 70-100_ (or near O4′-endo) or of a mixed sugar conformation (8) . The relatively weak H1′-H4′ NOESY cross-peaks, however, are inconsistent with an O4′-endo conformation. There is, however, an important difference in the coupling patterns of the two molecules. For the Hoogsteen cytosines Σ 1′ is typically [11] [12] [13] 25) , which is the case for both cytosines in AGAAGA and for C16 in AAGGAA. In contrast, Σ 1′ for C15 in AAGGAA is significantly larger, ∼14 Hz, showing that the sugar conformations on average are not the same for the two adjacent cytosines. This difference in behaviour of the adjacent cytosines could be a consequence of an interaction between the neighbouring charges. The coupling between H4′ and H5′/H5′′ is sensitive to the orientation about the C4′-C5′ bond. In the usual g + (γ ≈ 60_) rotamer, the two scalar couplings are both small (<3 Hz), whereas in the other two rotamers, one coupling is small (<3 Hz) and the other large (>11 Hz) (16) . The H4′ is also scalar coupled to H3′. Thus, the linewidth in the presence of unresolved couplings will be determined by the natural linewidth and the sum of all the couplings. In the g + rotamer, the unresolved coupling, assuming a C2′-endo conformation, will be ∼4-6 Hz. Hence, an apparent linewidth of <10 Hz and no splitting is expected for g + . In the t and g -rotamers, the sum of the couplings should be >15 Hz. Furthermore, as one of the couplings is large (∼10-12 Hz), splitting may be observed (14) . In both triplexes, there are (Fig. 5 ) shows only one cross-peak to the H5′/H5′′, whereas two cross-peaks are visible in the NOESY (and ROESY, not shown) spectrum. This indicates that one coupling is large and the other small. Furthermore, in cross-sections of NOESY spectra these H4′ resonances appear as partially resolved doublets, with a width at half height of ∼15 Hz, whereas other resolved H4′ resonances appear as sharp singlets (width at half height <10 Hz). Because the scalar coupling data showed that all purines are predominantly in the S conformation (Table 3 and see above), the H3′-H4′ coupling must be small. The large width at half height for A3 and A4 and the partially resolved splitting must therefore arise from a significant H4′-H5′/H5′′ coupling, in agreement with the COSY spectra. Hence, both the central purines must have a substantial contribution from g -or t. Because the apparent width at half height is only ∼15 Hz and the splitting is ∼6 Hz, it is probable that there is an exchange between g + and t (see below). Similar behaviour was observed for G3 and (less pronounced) for G4 in AAGGAA (not shown).
Structures were calculated as described in Materials and Methods using 19-20 restraints per residue (Table 4 ) and are shown in Figure 6 . The definition of the molecules is relatively high: the NMR R factors show that the calculated structures give good agreement with the data. Furthermore, the R factors are lower for these structures than those calculated for initial models constructed from standard A or B structures or one in which the duplex was B with an A-like third strand. The R factors show that the final structures are closer to a B conformation than to an A conformation. The pairwise RMSD values (heavy atoms) are also small, 0.41 Å for AGAAGA and 0.63 Å for AAGGAA. This is further demonstrated by the R values in which restraints for AGAAGA were applied to the optimized AAGGAA structures and vice versa (Table 4) . These R factors are slightly poorer than those calculated for the structures using their own restraints, but show that the two structures must be very similar. The RMSD values between the structures is only 0.96 Å, which is only slightly larger than the RMSD values for each individual family of structures (Table 4) .
Selected torsion angles and helicoid parameters obtained for the triplexes are summarized in Table 5 . As expected from the analyses of the coupling constants, the backbone torsion angle δ lies mainly in the range 110-120_. Where extensive averaging was expected and there were insufficient coupling constants to determine the phase angles, no restraints in the sugar conformations were used. In these instances, values of δ ranging from 82_ to >140_ were obtained (C11 and C17 of AGAAGA), which means that the experimental data did not determine their conformations. Hence, any conformation from N to S is compatible with the local structures, although the H1′-H4′ interaction rules out a significant population in the O4′-endo state. This is consistent with the ability of these residues to undergo extensive N↔S averaging. The average of the values of δ, however, does not agree with the observed values of Σ 1′ ( Table 2 ). The angle γ is generally near to +60_ (g + ), though for residues that were not constrained, an alternative conformation was found, namely γ ≈ 180_ (t). In these cases, the angle α also changed from its value of ∼290_ for γ = 60_ to 130-160_ for γ = 180_, showing the well-known correlation of these two torsions (26) . This shows that both torsions are stereochemically reasonable and do not cause significant violations of the input data. The experimental data do indicate that the central two purines in both AGAAGA and AAGGAA undergo averaging about γ (see above). The glycosidic torsion angles are on average higher (approximately -130_) than in B-DNA (-110_ to -120_), as previously observed (8) . The parameters for the terminal bases are less well determined in general. For these short sequences, the helicoid parameters of the duplex moiety have been averaged over the central 4 bp (Table 5 ). On average, the parameters are similar between the two molecules; the twist is equivalent to 10.5-11 base pairs/turn, with an axial rise of ∼3 Å. The base inclinations are small and positive and the helix displacement is between -2.5 and -3 Å. The propeller twist values (not shown) are substantial and negative. Thus, although the nucleotides are clearly more typical of those found in B-DNA duplexes, the helicoid parameters are intermediate between standard B and A structures. This has been observed for other parallel DNA triplexes (8, (27) (28) (29) (30) (31) . In our calculations, the axis displacement is larger than in some other structures and the average number of base pairs per turn is lower. However, as all of the triplexes solved to date are quite short and many contain lesions or mismatches (27) (28) (29) (30) , some of these parameters are quite poorly determined by the data. Helicoid parameters and torsion angles were determined using Curves (18) . Terminal base triplets were not included in the calculations. a Does not include trans conformers.
Conformational averaging certainly occurs at the nucleotide level, most notably in the sugars of the cytosines, but also in the γ values of the two central purines (see above). The exchange between t and g + is associated with a compensating change in α (and smaller changes in β). This complication has not been fully accounted for in the structure calculations and the restraints file represents the dominant conformation. Where extensive averaging was observed, no constraints were supplied for the sugars. This reduces the occurrence of virtual structures such as O4′-endo sugar puckers and unlikely values of γ intermediate between g + and t (i.e. γ = 120_), at the expense of loss of definition. The current set of structures accounts very well for the NOE data (cf. Table 4 ).
The NH exchange data and the scalar coupling data for the Hoogsteen cytosines clearly show that there are differences in local conformation and dynamics in these residues. The static structures (Fig. 6 ) that have been calculated do not show this level of detail, which requires an ensemble averaging model to be used (32, 33 ). This represents the next level of refinement. Nevertheless, the ensemble of structures includes some in which γ = t is present, which induces a small local change in the position of the backbone. 
DISCUSSION
The lack of large structural differences is consistent with the observation that the thermodynamic stability of these two duplexes is very similar at low pH (3), despite the presence of two positively charged residues next to one another. The main difference in the thermodynamic behaviour is that the pH sensitivity is slightly greater for AAGGAA than for AGAAGA or AGAGAA; the value of d(1/T m )/dpH is 2.0 and 1.84 for the latter two and 2.34 for the former (3). As the pK values in the triplex state are >9 (3), the pH dependence of the stability at pH < 8 depends only on the enthalpy change for the dissociation and the pK values of cytosine ionization in the strand state according to the formula: d(1/T m )/dpH = -2.303R/∆H[(2h 2 + K a1 h)/(h 2 + K a1 h + K a1 K a2 ) -2] where h = 10 -pH and K a1 and K a2 are the ionization constants of the two cytosines. A plot of 1/T m versus pH will be linear between pH 5 and pH 8 (3) only if both pK a1 and pK a2 are <4.5. It is possible that the pK values for the two ionizations in the strand state are quite different for adjacent cytosines than for when they are separated by 1 or 2 bases. Indeed, in the AAGGAA molecule in particular, the adjacent positive charges would be expected to depress the pK a values, rather than raise them. Hence, the slope is determined primarily by the factor R/∆H. The van't Hoff enthalpy for AAGGAA is significantly smaller than for AGAAGA (3) and accounts in large part for the observed difference in pH sensitivity. This smaller enthalpy difference is consistent with poorer base stacking interactions between adjacent protonated cytosine residues compared with a protonated cytosine and a thymine. Clearly, as the overall stability is similar at low pH, there must be a compensating favourable entropic contribution for the adjacent cytosine residues. It is expected that in longer sequences of contiguous CG·C + triplets, the triplex will become more sensitive to pH compared with, for example, an alternating CG·C + /TA·T sequence.
